Abstract: Several medicinal foods abound in traditional medicine with antioxidant potentials that could be of importance for the management of several diseases but with little or no scientific justification to substantiate their use. Thus, the objective of this study was the assessment of the antioxidant effect of two leave extracts of Solanum nigrum L. (SN), which is a medicinal plant member of the Solanaceae family, mainly used for soup preparation in different parts of the world. Then methanolic/water (80:20) (SN1) and water (SN2) leaves extracts were prepared. The total polyphenolic content and the concentration of phenolic acids and flavones compounds were determined. In order to verify whether examined extracts were able to restore the oxidative status, modified by glutamate in primary cultures of astrocytes, the study evaluated the glutathione levels, the intracellular oxidative stress, and the cytotoxicity of SN1 and SN2 extracts. Both extracts were able to quench the radical in an in vitro free cellular system and restore the oxidative status in in vitro primary cultures of rat astroglial cells exposed to glutamate. These extracts prevented the increase in glutamate uptake and inhibited glutamate excitotoxicity, which leads to cell damage and shows a notable antioxidant property.
Introduction
Several medicinal foods abound in traditional medicine with antioxidant activities. This could be of important for the management of several diseases but has little or no scientific justification to substantiate their use. In the tropics, as in Asia and in sub-Saharan Africa, green leafy vegetables are used as one of the major components of local dishes.
Solanum nigrum L. (SN) belongs to the Solanaceae family to Europe, Asia, and North America and was introduced in South America, Australia, and Africa. It represents one of the largest and most variable species groups of the genus. SN, well known as "Black Nightshade" (the English name), is an herbal plant widely distributed throughout the world, extending from tropical regions to temperate regions [1] .
In many developing countries, SN constitutes a minor food crop, with the shoots and berries not only used as vegetables and fruits but also for various medicinal and local uses [2] . SN serves mainly as vegetables for soup preparation in different parts of the world. Several studies have investigated the nutritive value of the 'vegetable black nightshade,' which put forward evidence that this species constitutes a nutritious vegetable [3] . This plant was chosen not only for being nutritive, but also for their folkloric reports of medicinal properties [4] . Studies document potential health benefits of
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Materials
Reference compounds (gallic acid, protocatechuic acid, chlorogenic acid, gentisic acid, caffeic acid, luteolin, apigenin) were purchased from Sigma (St. Louis, MO, USA). Acetonitrile, methanol, and water were chromatographic-grade and were bought from Carlo Erba (Milano, Italy). STable 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical, 3(4,5-dimethyl-thiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT), 2 ,7 -dichlorofluorescein diacetate (DCFH-DA), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), dimethylsulfoxide (DMSO), GYKI 52466, phosphate buffer solution (PBS), and other analytical chemicals were purchased from Sigma-Aldrich Chimica (Milan, Italy). Distilled and deionized water was used for the preparation of all samples and solutions and they were used after filtration through HA filters (0.45 µm Millipore, Bedford, MA, USA). All standards were diluted to the appropriate obtained concentration and were stored at +4 • C in amber vials in a dark place until analysis. Dulbecco s modified Eagle s medium (DMEM) and heat-inactivated Fetal Bovine Serum (FBS) were obtained from Invitrogen (Milan, Italy). The mouse monoclonal antibody against glial fibrillary acidic protein (GFAP) and anti-IgG polyclonal antibody were from Chemicon (Prodotti Gianni, Milan, Italy).
Methods
Plant Material and Extraction Procedures
SN leaves were collected around Catania (Sicily, Italy) in June 2018 and air-dried at room temperature (24 ± 2 • C) with no direct light. A voucher specimen of the plant has been deposited (N. 8234) in the herbarium of the Botany Department of the University of Catania (Italy). The dried and powdered leaves (5 g) were extracted by maceration for 24 h at room temperature with 150 mL each of methanol/water solution 80:20 v/v (SN1) and water (SN2), respectively. The extraction procedure was repeated three times, and the solvent extracts were combined and separated from the residue by filtration through Whatman N. 1 filter paper in a Buchner funnel under vacuum. The methanol was removed under a reduced pressure below 40 • C by using a rotary evaporator, and the aqueous phase remaining after evaporation of the organic phase was freeze-dried. The water extract was freeze-dried. The obtained dried extracts were 1.305 ± 0.24 g for SN1 and 0.975 ± 0.31 g for SN2, respectively. The obtained dried extracts were stored at −20 • C until undergoing assays.
Determination of Total Phenolic Content
The amount of total phenolic in the studied extracts was determined using a modified Folin-Ciocalteu method [28] . Extracts were prepared at a concentration of 0.5 mg/mL. An aliquot of a known dilution of the extract was mixed with 5 mL Folin-Ciocalteu reagent (previously diluted 10-fold with deionized water) and was allowed to react for 6 min. Then, 4 mL (70 g/L) of sodium carbonate solution was added to test tubes. The tubes were vortexed for 20 s and allowed to stand for 90 min for color development. Absorbance was measured at 760 nm by using the Perkin Elmer UV-Vis Lambda 25 spectrophotometer (Perkin Elmer Italia spa, Monza, Italy). Extract samples were evaluated at the final concentration of 1 mg/mL. The measurements were compared to a standard curve of prepared gallic acid solutions. The total phenolic content were 92.2 mg/g of extract for SN1 and 40.0 mg/g of extract for SN2, which was expressed as a gallic acid equivalent.
Chromatography
Chromatographic analysis was performed by using high-performance liquid chromatography (HPLC) (Perkin Elmer, Norwalk, CT, USA) Series 200 pump equipped with an LC-235C Diode Array Detector (DAD), auto-sampler, and column oven. Chromatographic data were processed by using a Turbochrom Workstation software, version 6.1.2 (Perkin Elmer, Norwalk, CT, USA). Separation and determinations were accomplished on a 5 µm Hypersil ODS RP-18 column (250 × 4.6 mm, Supelco, Bellefonte, PA, USA) fitted with a guard column (Hypersil ODS RP-18, 5 µm particles, 10 × 4.6 mm, Supelco, Bellefonte, PA, USA). All the samples were filtered, through 0.45 µm membrane filter, and degassed by an ultrasonic bath before the injection. The procedure was performed, as previously described [17] .
Determination of Antioxidant Activity in an In Vitro Cellular Free System
The stable DPPH radical was used for the determination of free radical-scavenging activity of the extracts [29] . Because of its odd electron, the DPPH radical gives a strong absorption band at 517 nm in visible spectroscopy (deep violet color). As this electron becomes paired off in the presence of a free radical scavenger, the absorption vanishes, and the resulting decolorizing is stoichiometric with respect to the number of electrons taken up. The reaction mixture contained 86 µM DPPH radical and different concentrations of each extracts (0.025-0.5-0.1-0.2-0.4 mg/mL) in 1 mL of ethanol. After 10 min at room temperature, the absorbance at 517 nm was recorded [30] . Trolox (30 µM), water-soluble derivative of vitamin E, was used as a standard. The assay was performed in triplicates.
Determination of Antioxidant Activity within an In Vitro Cellular System
Primary cultures of astrocytes were prepared from new-born albino rat brains (from 1-day-old to 2-day-old Wistar strain rats) as described [31] . Cerebral tissues, after dissection and careful removal of the meninges, were mechanically dissociated through 82 µm pore sterile mesh (Nitex, Darmastadt, Germany). Isolated cells were suspended in DMEM, supplemented with 20% (v/v) FBS, 2 mM glutamine, streptomycin (50 mg/mL), and penicillin (50 U/mL), and plated at a density of 3 × 10 6 cells/100 mm dishes and of 0.5 × 10 5 cells/chamber of multi-chambered slides. Cells were maintained at 37 • C in a 5% CO 2 and 95% air humidified atmosphere for two weeks. The medium was exchanged every three days. The low initial plating density of dissociated cells was meant to favor the growth of astrocytes with only a very little oligodendroglial and microglial cells contamination. Astroglial cell cultures were characterized at 14 days in vitro (DIV), when it is confluent, by immunofluorescence staining with GFAP. All experiments conformed to the guidelines of the local Ethical Committee (University of Catania, Italy), and were carried out in accordance with the EC Directive 86/609/EEC for animal experiments.
Astrocytes at 14 DIV were treated with glutamate (500 µM) for 24 h, as previously described [32] . Those cultures were treated with different concentrations of SN1 and SN2 (0.5 and 1 mg/mL), which were added 20 min before glutamate exposure. Four replicates were carried out for each sample. In a subset of experiments, to assess the inhibition of glutamate effects, the astroglial cell cultures were incubated 20 min prior to glutamate exposure, with GYKI 52466 (100 µM), the specific AMPA/KA receptor antagonist.
Astroglial cell survival analysis was performed by the MTT reduction assay, which evaluated mitochondrial dehydrogenase activity, as previous reported [33, 34] . Astrocytes were set up 0.5 × 10 5 cells per well of a 96-multiwell, flat-bottomed, 200-µL micro plate. They were maintained at 37 • C in a humidified 5% CO 2 and 95% air mixture [33] . At the end of treatment time, 20 µL of 0.5% MTT in (pH 7.4) PBS were added to each micro-well. After 1 h of incubation with the reagent, the supernatant was removed and replaced with of DMSO (200 µL). The optical density of each well was measured with a micro-plate spectrophotometer reader (Titertek Multiskan, Flow Laboratories, Helsinki, Finland) at l = 570 nm.
Glutathione Measurement
Astroglial cell cultures were scraped off and lysed in 50 µM sodium phosphate buffer (pH 7.4). The Bradford assay determined the protein concentration in cell extracts [32] . Then, a Hitachi U-2000 spectrophotometer (Hitachi, Tokyo, Japan) chemically determined the total glutathione intracellular content (GSH + GSSG), as described by Chen YH et al. [35] . 
ROS Levels Determination
Reactive species determination was performed by using DCFH-DA as a fluorescent probe. Furthermore, 100 µM of DCHF-DA was dissolved in 100% methanol, added to the cellular medium, and the cells were incubated at 37 • C for 30 min. Under these conditions, the acetate group was not hydrolyzed [12] . After incubation, astroglial cell cultures were lysed and centrifuged at 10,000× g for 10 min. The fluorescence corresponding to the radical oxidized species 2 ,7 -dichlorofluorescein (DCF) was monitored by measuring the excitation (λ = 488 nm) and emission (λ = 525 nm), using an F-2000 spectrofluorometer (Hitachi).
Values are expressed as a percentage of fluorescence intensity per mg protein versus control (% I.F/mg prot vs. control). Protein concentration was measured, according to the Bradford assay applied by Li Volti et al [32] .
Statistical Analysis
All values are presented as means ± S.D. of five separate measurements. Statistical analysis was performed using one-way ANOVA, which was followed by the Newman-Keuls post-hoc test. Differences were considered statistically significant at * p < 0.05 and ** p < 0.001.
Results
Analysis of SN Extracts
The total phenolic contents was assayed by a modified Folin-Ciocalteu method using gallic acid, and is reported in Table 1 , with the physical characteristics and the dry weight yields of SN1 and SN2. The relative concentrations of phenolic acids and flavones in SN1 and SN2 were determined by HPLC analysis, according to Huang et al. [29] . The values were expressed in mg/g of dry extract. The results of the five phenolic acids determination (gallic, protocatechuic, chlorogenic, gentisic, and caffeic) and two flavones (luteolin and apigenin) in studied extracts are summarized in Table 2 while Figure 1 shows a representative chromatogram.
It was found that the major compound in both extracts was chlorogenic acid, whereas gentisic acid is the second. Luteolin is more abundant than apigenin, and less amounts of caffeic acid and protocatechuic acid were found. Gallic acid exists only in traces together with other unknown compounds. 
Antioxidant Activity in a Cellular Free System
The free radical-scavenging activity of SN1 and SN2 extracts was tested by their ability to bleach the stable DPPH radical. Both extracts were able to quench the DPPH-radical at all the concentrations used (0.025-0.5-0.1-0.2-0.4 mg/mL) in a dose-dependent manner. SN1 showed a more potent capacity than SN2. In addition, their effect appeared similar to Trolox (30 µM), which is a soluble analogous of vitamin E used as a standard. This experiment demonstrated that SN1 and SN2 possess antioxidant properties (Figure 2 ). 25.1 min), caffeic acid (5, 27.5 min), luteolin (6, 52.9 min), and apigenin (7, 70.95 min). Axis: x label minutes, y label absorbance unit.
It was found that the major compound in both extracts was chlorogenic acid, whereas gentisic acid is the second. Luteolin is more abundant than apigenin, and less amounts of caffeic acid and protocatechuic acid were found. Gallic acid exists only in traces together with other unknown compounds.
The free radical-scavenging activity of SN1 and SN2 extracts was tested by their ability to bleach the stable DPPH radical. Both extracts were able to quench the DPPH-radical at all the concentrations used (0.025-0.5-0.1-0.2-0.4 mg/mL) in a dose-dependent manner. SN1 showed a more potent capacity than SN2. In addition, their effect appeared similar to Trolox (30 µM), which is a soluble analogous of vitamin E used as a standard. This experiment demonstrated that SN1 and SN2 possess antioxidant properties (Figure 2 ). 
Antioxidant Activity in the Cellular System
Primary rat astroglial cultures exposed to 500 µM glutamate for 24 h were used as an in vitro cellular model to assess the antioxidant effect of SN1 and SN2 extracts. Cells were characterized by immuno-fluorescent staining using GFAP as a marker [31] .
The glutamate-evoked oxidative stress was evaluated by measuring the depletion of intracellular GSH levels ( Figure 3 ) and ROS production ( Figure 4 ). Glutamate (500 µM for 24 h) produced a significant decrease in the intracellular GSH levels and a significant increase of ROS levels, when compared to the untreated control ones. The pre-incubation of the cultures with SN1 and SN2 extracts (0.5 and 1 mg/mL) was able to restore, in a dose-dependent manner, GSH and ROS levels. In particular, 1 mg/mL of the extracts showed values similar to untreated control values. 
The glutamate-evoked oxidative stress was evaluated by measuring the depletion of intracellular GSH levels ( Figure 3 ) and ROS production ( Figure 4 ). Glutamate (500 µM for 24 h) produced a significant decrease in the intracellular GSH levels and a significant increase of ROS levels, when compared to the untreated control ones. The pre-incubation of the cultures with SN1 and SN2 extracts (0.5 and 1 mg/mL) was able to restore, in a dose-dependent manner, GSH and ROS levels. In particular, 1 mg/mL of the extracts showed values similar to untreated control values. Figure 3. GSH levels in primary rat astroglial cell cultures at 14 DIV: exposed to glutamate 500 µM for 24 h. Bar 1: control. Bar 2: cell culture exposed 500 µM. Bar 3: cell culture exposed 500 µM plus SN1 0.5 mg/mL. Bar 4: cell culture exposed 500 µM plus SN1 1 mg/mL. Bar 5: cell culture exposed 500 µM plus SN2 0.5 mg/mL. Bar 6: cell culture exposed 500 µM plus SN2 1 mg/mL. Four replicates were carried out for each sample. (* p < 0.05 and ** p < 0.001). Axis: x label: concentration, y label: nmoli of GSH per mg of protein. . ROS levels in primary rat astroglial cell cultures at 14 DIV: exposed to glutamate 500 µM for 24 h. Bar 1: control. Bar 2: cell culture exposed 500 µM. Bar 3: cell culture exposed 500 µM plus SN1 0.5 mg/mL. Bar 4: cell culture exposed 500 µM plus SN1 1 mg/mL. Bar 5: cell culture exposed 500 µM plus SN2 0.5 mg/mL. Bar 6: cell culture exposed 500 µM plus SN2 1 mg/mL. Four replicates were carried out for each sample. (* p < 0.05 and ** p < 0.001). Axis: x label: concentrations, y label: percentage of fluorescence intensity per mg protein versus control.
Discussion
In this study, we assessed the antioxidant effect of SN1 and SN2 extracts of Solanum nigrum L. leaves, both in an in vitro cellular free system and in vitro cellular models.
Oxidative stress is the causative agent in a number of human diseases, such as atherosclerosis, ischemic reperfusion injury, inflammation, carcinogenesis, aging, and neurodegenerative diseases. Although there are many determinants in the development of these diseases, considerable experimental evidence links the production of ROS to biological damage that can potentially provide a mechanistic basis for their initiation and/or progression [36] [37] [38] [39] . Moreover, because the GSH levels in primary rat astroglial cell cultures at 14 DIV: exposed to glutamate 500 µM for 24 h. Bar 1: control. Bar 2: cell culture exposed 500 µM. Bar 3: cell culture exposed 500 µM plus SN1 0.5 mg/mL. Bar 4: cell culture exposed 500 µM plus SN1 1 mg/mL. Bar 5: cell culture exposed 500 µM plus SN2 0.5 mg/mL. Bar 6: cell culture exposed 500 µM plus SN2 1 mg/mL. Four replicates were carried out for each sample. (* p < 0.05 and ** p < 0.001). Axis: x label: concentration, y label: nmoli of GSH per mg of protein. Figure 3. GSH levels in primary rat astroglial cell cultures at 14 DIV: exposed to glutamate 500 µM for 24 h. Bar 1: control. Bar 2: cell culture exposed 500 µM. Bar 3: cell culture exposed 500 µM plus SN1 0.5 mg/mL. Bar 4: cell culture exposed 500 µM plus SN1 1 mg/mL. Bar 5: cell culture exposed 500 µM plus SN2 0.5 mg/mL. Bar 6: cell culture exposed 500 µM plus SN2 1 mg/mL. Four replicates were carried out for each sample. (* p < 0.05 and ** p < 0.001). Axis: x label: concentration, y label: nmoli of GSH per mg of protein. . ROS levels in primary rat astroglial cell cultures at 14 DIV: exposed to glutamate 500 µM for 24 h. Bar 1: control. Bar 2: cell culture exposed 500 µM. Bar 3: cell culture exposed 500 µM plus SN1 0.5 mg/mL. Bar 4: cell culture exposed 500 µM plus SN1 1 mg/mL. Bar 5: cell culture exposed 500 µM plus SN2 0.5 mg/mL. Bar 6: cell culture exposed 500 µM plus SN2 1 mg/mL. Four replicates were carried out for each sample. (* p < 0.05 and ** p < 0.001). Axis: x label: concentrations, y label: percentage of fluorescence intensity per mg protein versus control.
Oxidative stress is the causative agent in a number of human diseases, such as atherosclerosis, ischemic reperfusion injury, inflammation, carcinogenesis, aging, and neurodegenerative diseases. Although there are many determinants in the development of these diseases, considerable experimental evidence links the production of ROS to biological damage that can potentially provide a mechanistic basis for their initiation and/or progression [36] [37] [38] [39] . Moreover, because the . ROS levels in primary rat astroglial cell cultures at 14 DIV: exposed to glutamate 500 µM for 24 h. Bar 1: control. Bar 2: cell culture exposed 500 µM. Bar 3: cell culture exposed 500 µM plus SN1 0.5 mg/mL. Bar 4: cell culture exposed 500 µM plus SN1 1 mg/mL. Bar 5: cell culture exposed 500 µM plus SN2 0.5 mg/mL. Bar 6: cell culture exposed 500 µM plus SN2 1 mg/mL. Four replicates were carried out for each sample. (* p < 0.05 and ** p < 0.001). Axis: x label: concentrations, y label: percentage of fluorescence intensity per mg protein versus control.
Oxidative stress is the causative agent in a number of human diseases, such as atherosclerosis, ischemic reperfusion injury, inflammation, carcinogenesis, aging, and neurodegenerative diseases. Although there are many determinants in the development of these diseases, considerable experimental evidence links the production of ROS to biological damage that can potentially provide a mechanistic basis for their initiation and/or progression [36] [37] [38] [39] . Moreover, because the ROS production is the fatal consequence of aerobic life, it is also an important component of the signaling network of plants [39] , where polyphenols are the secondary metabolites produced as a defense mechanism against stress factors.
In this study, we exploited the sources, composition, and mechanisms of action of two polar Solanum nigrum L. leaf extracts natural products, and food, which represent a new frontier for therapy and a valuable tool to reduce the costs of health care systems.
In recent years, there has been great interest in the health effects of various natural products and in the in vivo protective function of natural antioxidants contained in dietary food against oxidative damage caused by ROS [40] [41] [42] [43] [44] [45] .
The free radical-scavenging activity is measured by the ability to bleach the stable DPPH radical. This assay provided information on the reactivity of test compounds with a stable free radical. SN1 and SN2 extracts were able to quench the DPPH-radical in a dose-dependent manner and showed comparable capacity. In fact, the two polar extracts content of different level phenolic components, but phenolic and flavones are not significantly different between SN1 and SN2. Only gentisic acid is more abundant in SN2. In addition, their effect appeared similar to Trolox. Then, this set of experiments demonstrate that SN1 and SN 2 possess comparable antioxidant properties.
Furthermore, we assessed the effect of the extracts in an in vitro cellular experimental model of excitotoxicity. In our previous research studies, using an experimental model of excitotoxicity, we demonstrated that glutamate exposure in primary cultures of astrocytes might be part of the biochemical response to oxidative stress induced by a prolonged exposure of astrocyte cultures to the neurotransmitter [46] .
The antioxidant effect of the extracts SN1 and SN2 was also assessed in the cellular system using primary rat astroglial cell cultures exposed to the astroglial cell cultures in the presence of 500 µM glutamate for 24 hours. We used glutamate as a stressor because its high levels induce alterations in glutamate transport, mitochondria impairment, decrease ATP levels, GSH depletion, ROS production, macromolecular synthesis [35] , and subsequent neuronal cell death [47, 48] . Figure 2 shows the quenching of DPPH of SN1 and SN2 extracts at different concentrations, compared to Trolox, which shows a stronger activity at a lower concentration (0.025-0.5 and 0.1 mg/mL). In fact, we found that the extracts SN1 and SN2 were able to counteract the effect of glutamate, restoring, in a dose-dependent manner, the GSH and ROS levels similar to the control values.
The statistical analysis method in this study indicated high significance (* p < 0.05 and ** p < 0.001) when compared with the control group, as reported in Figures 3 and 4 , where SN1 and SN2 extracts are compared with the cells exposed to glutamate 500 µM only.
The protective effect against glutamate toxicity of the extracts SN1 and SN2 appeared stronger than that of the synthetic antioxidant compounds used in our previous research studies [46] .
Thus, these findings show that the extracts SN1 and SN2 possess antioxidant properties. Furthermore, it is possible to assume that the extracts of SN1 and SN2 of Solanum nigrum are able to counteract glutamate uptake-induced impairment of cystine/glutamate antiporter, which leads to depletion of the GSH content and biochemical alterations. This results in the delayed toxic effect for primary astroglial cell cultures [35] . Moreover, in a previous study, we reported that a pre-incubation with GYKI 52466, the selective inhibitor of AMPA/KA receptors, diminished glutamate effects, which indicates the involvement of receptor-linked events in GSH decrease and ROS increase levels [49] .
Spectrophotometric and chromatographic analytical methods applied for estimation of total phenolic content and for determination of phenolic acids and flavones compounds in the examined extracts showed that these constituents are present in a valuable amount. Our results strongly suggest that phenolic compounds are important components of SN, and some of their pharmacological effects could be attributed to the presence of these compounds.
Conclusions
This study has provided some scientific rationale for these vegetables in the management of diseases, as obtained in folklore.
SN leave extracts were able to reduce oxidative stress, and, in particular, they showed the potential in quenching the radical in vitro free cellular system, and restoring the oxidative status among in vitro primary rat astroglial cell cultures exposed to glutamate, which possesses notable antioxidant properties and neuroprotective effects. Furthermore, preventing the increase in glutamate uptake and inhibiting glutamate excitotoxicity, SN1 and SN2 leave polar extracts may represent a new natural therapeutic strategy in the neuro-pathological conditions associated with excitotoxicity.
Therefore, these vegetables may serve as a potential source of natural phenolic antioxidants for functional foods and nutraceuticals for the prevention and management of neurodegenerative diseases. 
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